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Introduction
The atmospheric concentration of carbon dioxide (CO 2 ) has increased by 31% since 1750. The present CO 2 concentration has not been observed for the past 420,000 years and probably not for the past 20 million years. The current rate of increase is unprecedented for, at least, the past 20,000 years. About three-quarters of the anthropogenic emissions of CO 2 into the atmosphere for the past 20 years is due to the combustion of fossil fuels. The remainder is predominantly due to land-use changes, especially deforestation (Petit et al. 1999; IPCC 2001) . Terrestrial ecosystems are constantly responding to an everfluctuating variety of biotic and abiotic influences. Uncertainty remains as to whether the increasing anthropogenic CO 2 is sequestered temporarily in oceans and the terrestrial biosphere (Francey et al. 1995) . Understanding how ecosystems respond to simultaneous increase in atmospheric CO 2 and temperature, and how they will react in the future, is necessary. Predicting the future response depends on how the effects of rising temperature and CO 2 are represented in climate models (Norby & Jackson 2000) , thus requiring a collection of as much data as possible. In fact, one of the main limitations for the certainty of climate models is the collection of suitable ground data from the terrestrial biosphere, because of the great variation in vegetation type, the strong dependence on local conditions (soil moisture, temperature, precipitation, etc.) Atkin et al. 2000; Eissenstat et al. 2000 Montagnoli et al. et al. 2000; Pregitzer et al. 2000; Pendall et al. 2004) , and the wide variability within an individual species (Eissenstat & Yanai 1997) . Estimation of the capacity of forests and grasslands to sequester carbon (C) in a CO 2 -enriched atmosphere and the response of communities to changing water and temperature regimes and nitrogen deposition must take into account below-ground processes (Norby & Jackson 2000) . Plants spend a considerable proportion of the energy that they gain during photosynthesis on the production and maintenance of roots and so primary production allocated below ground is often greater than that allocated above ground (Reichle et al. 1973; Nadelhoffer & Raich 1992) . Fine roots (with diameter d < 2 mm) (Kurz 1989 ) represent a small part of the total root biomass, but they play a very important role in the global carbon budget. A plant that maintains roots for a longer period (i.e. has lower turnover rates) allocates less carbon to the production of new roots, but expends more energy in maintaining roots (i.e. root respiration) and hence may be less efficient at nutrient uptake compared with a root newly deployed in a nutrient-rich micro site. When roots die and decompose, some of their carbon content is released into the atmosphere and some may remain as soil organic matter (SOM). Fine roots are the primary pathway for water and nutrient uptake by plants and provide the interface between living tissue and surrounding soil, including exudates, secretions, and sloughed-off cells. Moreover, rhizo-deposition supports microbial communities, which constitute primary elements for the nutrient cycling processes in the soil (Caldwell & Richards 1986; Van Veen et al. 1991; Nadelhoffer & Raich 1992; Ross et al. 1995; Jackson et al. 1997; Paterson et al. 1997) . Hence, fine root dynamics is a major determinant of the capacity of an ecosystem to sequester atmospheric carbon. Tissue carbon and nitrogen content also affect nutrient cycling. Indeed, estimation of carbon and nitrogen values could allow a better understanding of root dynamics as the overall C:N ratio is strictly related to the rate at which SOM and litter decompose. With increased C:N ratios, forage quality for insects is reduced. Moreover, the lower specific rates of root activity are inversely related to greater carbon:nutrient ratios in conjunction with decreased tissue concentrations of nutrients, including nitrogen and potassium (Israel et al. 1990; Newbery et al. 1995; Hodge et al. 1998) , and in general, rates of ATP production (a function of respiration rate) are linearly related with an increase in tissue nitrogen concentration, proteins, and carbohydrates (Ryan 1991; Pregitzer et al. 1993; Ryan et al. 1996; Van der Westhuizen & Cramer 1998) . Basic data on root processes have been acquired for different forest ecosystems, but little attention has been paid to the carbon budget of grasslands. The aim of this study was to estimate the root biomass and C:N ratio during the entire growing season for a matgrass pasture ( Nardus stricta L.). The above-ground biomass was also measured in order to determine whether it was related to the belowground biomass. Additionally, the root depth distribution (root length density [RLD] and root mass density [RMD]), morphological parameters (diameter classes), and C:N ratios were measured along the soil profile in order to understand the spatial distribution of carbon and nitrogen. The biomass pattern was compared with climatic data, with particular attention to the annual rainfall pattern.
Materials and methods
The study area is located in the catchments of Telo stream in the Lombardy Prealps (Intelvi Valley, Como province, NW Italy) approximately 45 ° 59 ′ N 9 ° 07 ′ E and 1000 m above sea level, close to Lakes Como and Lugano. In the Lombardy Prealps, historical land use has created extensive pastures that, together with the natural grasslands, represent an important land cover category. In particular, the matgrass ( Nardus stricta L.) pastures cover more than 23% of the total public vegetation ( Table I ). The climate is subcontinental, mean annual precipitation is 1600 mm (weather data from Consorzio dell 'Adda, Lombardy, 1998 -2007 , occurring in two main periods (March-April and October-November), and a mean annual temperature of 10-11 ° C. The soil type is a Leptosol according to the World Reference Base for Soil Resources (WRB) (FAO/ISRIC/ISSS, 1998) (data from ERSAF, Lombardy), with a depth of 40-50 cm and frozen from late October to April. A core sampling method (Vogt & Persson 1991) was used to make quantitative determinations of the root system. The samples were collected on a hill (Alpe di Ponna), with a mean slope of 25 ° , except on the southern side, where the species were not representative (Table I, Table I . Phytosociological releves of the study sites using the estimation scale of land cover percentage according to Braun-Blanquet (1964) : ( −) = species absent, + = <1%, 1 = 1-5%, 2 = 5-25%, 3 = 25-50%, 4 = 50-75%, 5 = 75-100%. Values in the cores were collected on 10 dates, making a total of 30 cores for the study. The entire above-ground biomass was previously collected, from the circled area of the sampler, stored in a plastic box, and during the same day, oven-dried at 105° for 24 h and weighted. The soil samples were stored in plastic boxes at 4°C until processed. Each sample was washed carefully over a 1-mm sieve and all roots were collected using forceps. Then, the roots were dried as mentioned above. Root distribution, water content, and soil bulk density were measured as a function of soil profile (depth 
Results
The seasonal patterns of above-and below-ground biomass in relation to the yearly rainfall pattern are shown in Figure 1 ) and in October (27.88 ± 7.11 g m −2 ), the biomass reverted to the same values measured the previous year (i.e. 2006). The soil bulk density and water content were remarkably similar along the soil profile, as shown in Table II . However, the rooting depth data (RLD and RMD) showed a decrease along the soil profile (Figure 2 ). In total, 83% of RLD and 86% of RMD occurred in the first 20 cm of soil. The root morphological analysis showed three main diameter classes, as represented by the three peaks in Figure 3 . Roots with smaller diameters were more frequent in the shallow soil layer (from 0 to 10 cm), whereas roots with larger diameters were most concentrated in the deeper soil layers. The C:N ratio in root tissues remained constant throughout the growing season, with values between 20:1 and 30:1 (Table III) . Only during August 2007, the value was higher than 30:1 (34.76 ± 6.12), in contrast with the continuous decrease in root dry biomass. Nitrogen concentration in roots decreased with depth, while carbon content showed a reverse pattern, increasing from surface to deeper soil layers (Figure 4) . 
Discussion
Comparing the seasonal patterns of root/leaf biomass with the amount of rainfall, we observed that the higher plant growth is strictly related to the vernal rainfall and temperature rise, whereas from August to October, high rainfall and lower temperatures cause a general decline in biomass. These findings are in agreement with the pattern of spring growth and autumnal die-back typical of Nardus stricta (Perkins 1968) . The above-and below-ground biomass data showed differences in biomass buildup. The pattern of biomass production suggests the existence of one main growing period, corresponding to the summer season (July-August), when the seasonal mean rainfall is lower than the annual mean, indicating a stronger dependence on irradiance and temperature. Moreover, the low leaf biomass values measured during the spring season (April-May) are probably due to the grazing activity. The analysis of the fluctuating root biomass patterns and the rainfall patterns shows a lack of any relationship except for the April-May period, when root biomass reached its peak and showed a positive relationship with rainfall, with a slight shift in time. Below-ground biomass was negatively correlated with air temperature, as previously reported by Karunaichamy (1992) . Brown (1943) noted that both roots and rhizomes of blue grass (Poa bulbosa L.) usually lost weight during the summer season at mean temperatures near or above 26.6°C (80°F). Accordingly, in our study, the seasonal variation in root biomass could be due to the combined effects of soil moisture and elevated air temperature, which could lead to an increase in root respiration and soil microbial decomposition activity, with the consequent decrease in root biomass. Another possible reason for the decrease may be the cow grazing activity, its direct effect on the root development (e.g. through trampling), and the increase in soil carbon and nitrogen due to animal droppings. Root morphology along the soil profile was measured during the spring flush before the summer drought period in order to be representative of the maximum rooting depth. Most of the roots were located in the first 10-20 cm of the soil, a common pattern for the majority of the herbaceous plants in the world (Jackson et al. 1996) . In total, 60% of the total RMD and 50% of the RLD were found within the first 5 cm of soil, and 83% of RDL and 86% of RMD within the first 20 cm, indicating a greater concentration of root biomass in the superficial organic layers and a consequent exponential decline with depth. As is well know, fine root morphology is strongly affected by soil characteristics (Pregitzer et al. 1998; Eissenstat et al. 2000) . We observed no differences in soil bulk density (with values lower than 1 g cm −3 ) relative to depth, indicating an open friable soil with good organic matter content for the whole soil profile. Furthermore, we measured an increase in water content from the top 10 cm of the soil up to 20 cm, followed by constant values for the deeper soil layers (25-35 cm). The high root concentration in the top 10 cm of the soil could then be a result of the greater nutrient availability in the upper soil layer (Jackson et al. 1996) . The data on root diameter showed three main diameter classes, together with an increase in mean root diameter with depth. Roots with smaller diameters (d < 0.2 mm) were found mainly in the upper soil layer (0-10 cm), while the percentage of roots with larger diameters (0.2 mm < d < 0.6 mm) increased with depth; only roots with diameters greater than 0.6 mm tended to decrease with depth. These data suggest an unequal development of the root system, with greater biomass and small root size occurring in the upper soil layer, and a smaller biomass and larger root size in deeper soil layers. These results reinforce the idea that nutrient availability in soil affects root biomass distribution and root morphology. Finer roots are directly involved in nutrient uptake and are in fact more frequent where nutrients are more available, thus decreasing constantly in frequency with depth. On the other hand, roots with larger diameters (0.2 mm < d < 0.6 mm) should act primarily as carbon storage organ, thus increasing in frequency with depth. Finally, roots with diameters > 0.6 mm provide plant anchorage (Hummel et al. 2007 ) and, therefore, occur in the top soil. A low C:N ratio (below 25-28:1) in organic matter favours tissue decomposition by microbial activity (Lincoln et al. 1986 ). In our study, the constant value of nitrogen content measured during the growing season may indicate the occurrence of net immobilization of fine roots decomposition (Bartholomew 1965) , suggesting that variations in roots biomass could be due to either the production of new roots or the growth of already existing ones.
The minimum values for carbon and nitrogen content (C = 28%; N = 0.84%) and the consequent highest C:N ratios were measured in late summer 2007, indicating a very slow root decomposition rate in spite of the low root biomass observed in the same period. This may be related to cow grazing and the consequent enrichment of the soil with nitrogen, which could in turn fulfil the microbial needs in order to support the decomposition activity. Despite the unfavourable root C:N ratio, decomposition could continue, inducing the observed reduction in the root biomass. Also, the root nitrogen content decreased with depth, while the carbon content increased. The higher nitrogen concentration in roots collected from the uppermost soil layer (0-10 cm) might be ascribed to the higher percentage of finer roots (d < 0.2 mm), where a greater protein content is associated with nutrient uptake (e.g. protein pumps, transmembrane channel, enzymes, etc.). The reverse pattern observed for the carbon concentration (higher in deeper roots) might be related to the higher percentage of thicker roots (0.6 mm < d < 1.3 mm), where storage occurs.
Conclusion
Root decomposition often plays a key role in soil carbon sequestration and nutrient cycling, while carbon and nutrient dynamics associated with root decay represent significant components of the global carbon cycle. This study has shown that matgrass pasture can act as a significant sink of carbon accounting, during its annual growth of 8.1 Mg ha −1 of total dry mass, of which more than 91% (7.4 Mg ha −1 ) is accumulated below ground. Moreover, our data showed that the local climate conditions (temperature and rainfall) can have a large impact on rates of root production. Unfortunately, we did not collect data about the nutrient concentration in the soil layer, but root biomass and architecture seem to be strongly related to the availability of different nutrients along the soil profile. Finally, the root decomposition rate inferred from the tissue C:N content data showed a great inconsistency with the biomass values. Especially, where the C:N ratio reached higher values (above 28-30) associated with a lower decomposition rate, the biomass measured was lower than expected. These observations indicate the need of sampling in areas where grazing is artificially excluded to avoid nitrogen input due to animal droppings. A more thorough understanding of the factors that control root decomposition will improve our ability to model global carbon dynamics and predict the effects of future climate and other global changes on biogeochemical cycles.
